With stress controlled rheometer we investigate the behavior for different concentrations, of paraffin oil-inwater emulsions, bentonite suspensions as well as charged bentonite emulsions. We were particularly interested in how aging affects the rheological properties. Using a structural model, we correlate the macroscopic experimental results to the fluid microstructure characteristic parameters and we calculate the emulsions and suspensions mean characteristic unit size. The comparison of these mean particle diameters with those obtained by microscopy and light-scattering measurements confirms the soundness of such procedure to estimate the structural characteristics, the effective concentrations and the effective mean particle diameter of oil-in-water emulsions and bentonite suspensions.
INTRODUCTION
In many industrial applications, emulsions are not necessarily composed of oil and water phases only; they often contain a third solid phase in suspension in one of the liquid phases or both simultaneously. All these systems represent a significant part of the production of food industries (vinaigrettes), cosmetics (cream), chemical (paints) or petroleum (drilling fluids). In order to answer the demand of economic media, confronted with the necessity to improve and to optimize the production processes, it is of primary importance to improve the knowledge of the rheological behavior of such fluids, particularly the dependence of the flocculated structure from the physical parameters of the dispersed particles (morphology, particle-size distribution, volume particle fraction, density, surface characteristics) and also the interaction between the disperse medium and the particles. A literature survey indicates that the study of complex fluid flow behavior is not yet fully developed.
The characterization of such materials, although often difficult to carry out due to the complexity of numerous phenomena which develop simultaneously during preparation and aging, is of double interest: it allows, (i) to better understand the behavior of fluids in an industrial environment and, (ii) to approach the scientific aspects related to the existence of more than two phases. The scientific interest of such a study resides in the combination of theories established for oil-inwater emulsions and bentonite suspensions.
In drilling, in the first part of the well (first geological layers), an emulsified bentonitebased mud composed of water, bentonite and a certain quantity of oil is generally used. Oil-inwater emulsions loaded with bentonite can thus provide satisfactory models for drilling fluids. Two significant phenomena occur during drilling: (i) increase of the solid content of the drilling mud due to the contact with the drilled geological layers and, (ii) aging effects during the storage of the mud in the surface storage tanks, which result in modification of rheological and flow characteristics. Therefore, the knowledge of these modifications is of great interest (formulation of drilling fluids, adaptation of mud characteristics to the geological formations crossed, supervision of modifications in the mud composition when crossing geological layers of different nature …).
In this article, we present numerical and experimental results on the rheology of paraffin oil-in-water emulsions, bentonite suspensions and oil-in-water emulsions loaded with bentonite. Effects of oil and bentonite concentrations and aging at rest will be studied.
COMPOSITION, PREPARATION, EQUIPMENT
We will consider oil-in-water (O/W) emulsions at various oil concentrations. The dispersed phase was a Newtonian paraffin oil (density: 0.863 g/cm 3 and viscosity: 0.155 Pas at a temperature of 20°C). A biopolymer was used as emulsifying agent in the commercially available form without further purification (Emulsan-Petroferm USA). It is a lipoheteropolysaccharide produced by fermentation. It is a powerful emulsion stabilizer capable of improving the stability of a broad range of hydrocarbon-in-water emulsions. Emulsan dissolved readily in the oil phase. For all the prepared emulsions, the emulsifier concentration was 1% per oil weight. It corresponds to the minimal value for which the obtained emulsions present a good stability in time. Preliminary tests showed that paraffin oil and Emulsan mixtures present always a Newtonian behavior regardless the emulsifier concentration. Thus, any observed non-Newtonian behavior could be directly attributed to the flocculated structure of the oil-inwater emulsion. The bentonite used as solid phase belongs to the montmorillonite family and possesses a strong lipophobic character [1, 2] .
The same time procedure was utilized for all the experimental measurements to ensure a good reproducibility of the results and particularly to avoid instrument inertia effects during the application of stress: (i) increase, (ii) plateau of constant value and, (iii) decrease. Also, the same experimental procedure was used for the preparation of all emulsions. As a first step, the emulsifier agent was gradually added to the oil (1 wt. %) and then the solution obtained was slowly poured to the required amount of distilled water. Homogenization was obtained by strong agitation using a rotor-stator apparatus (UltraTurrax T45N). Emulsification procedure was as follows: one minute of stirring and one minute at rest alternately with increase of the mixing speed at each stage (from 8000 to 24000 rpm). The temperature was kept constant at 20°C. Thereafter, the bentonite was added to the emulsions and the homogeneity was obtained by gentle agitation with a magnetic stirrer [3, 4] .
The systems studied were oil-in-water emulsions loaded with solids. Therefore, since the bentonite used was hydrophilic, the so-mentioned systems can be thought to be oil emulsions with bentonite suspensions as suspending medium (oil-in-bentonite suspension emulsions). Consequently, the rheological characterization of these complex systems requires studying the contribution of each component to the global behavior of the complex fluid separately. First, the rheological behavior of oil-in-water emulsions and bentonite suspensions at different concentrations of the dispersed phase (oil or bentonite in water) will be investigated and thereafter, attention will be focused on the rheological behavior of emulsions loaded with bentonite. Also, the effect of aging will be considered.
THEORETICAL APPROACH
It is well admitted that the inner structure of a complex fluid plays a very important role in the physical interpretation of its rheological properties. Under steady flow, the structural state results from a dynamic equilibrium between formation and destruction of the structural units. The non-Newtonian flow behavior is, indeed, characterized by the existence of three domains: two extremes, at very low and very high shear rates, with constant viscosities m 0 and m • , respectively and, between these two areas, a zone of shear thinning behavior where the viscosity decreases gradually from m 0 to m • . The three domains, thus defined, correspond to distinct situations of flow: negligible shear effects compared to those induced by the movement of particle agitation at low shear rates, dominating shear effects at high shear rates and, in the intermediate zone, shear effects and agitation effects are comparable, both affecting the flow behavior.
To explore the complex fluid behavior in the appropriate range of shear rates, that is between 10 -2 and 10 6 s -1 , it becomes necessary to use a fourparameter rheological model. Early models [5, 6] were modified by introducing the volume packing fraction f M for the disperse phase and also by the evolution of the microstructure under the effect of shearing with a characteristic time [7] . The most commonly used models are those of Cross [8] , Krieger-Dougherty [9] and Quemada [10] . These models, whose physical base is more or less similar, allow generally to obtain a good description of the rheological behavior. Thus, the relative viscosity at given shear rates m r is obtained through a functional relationship between a relative variable V r and structural characteristics m 0 , m • , and p which control, for a given volume fraction f, the response of the fluid or
where V r and the parameter p take, according to the law used, the form given in Table 2 .
Two base emulsions were used for the preparation of the different emulsions loaded with solids. The oil volume concentration of the first one was 26 % (E1 emulsion), bentonite concentrations being 2, 4 and 6 % of the total mass of the emulsion, which correspond to 1.47, 2.94 and 4.41 %, respectively, of the mass of the continuous phase of E1 emulsion (74 vol. % water). In the second series of measurements, the oil volume concentration of the base emulsion was 42 % (E2 emulsion) and bentonite concentrations were 1, 2 and 4 % of the total mass of the emulsion (corresponding to 0.58, 1.16 and 2.32 %, respectively, of the mass fraction of water present in E2 emulsion, i.e. 58 vol. % water). The concentrations used for the bentonite suspensions were chosen among those mentioned above, namely, 0.58, 1.47, 2.94 and 4.41 wt. % and three others, arbitrarily chosen: 6, 8 and 10 wt. %. The composition of the systems studied is summarized in Table 1 . Aging times varied from 0.5 to 168 hours in the first series of experiments and from 0.5 to 192 hours in the second one.
The viscous characteristics of the emulsions were obtained with a controlled stress rheometer (Carri-Med CSL 100) with a cone-and-plate measuring device (diameter = 40 mm, angle = 0.034 radian, gap = 0.06 mm). For all measurements, the temperature was maintained constant at 20° ± 0.1°C by means of a Peltier system included in the rheometer. To prevent changes in composition during measurements due to water evaporation, a humidification chamber was placed around the cone-and-plate measuring system. In addition, the response of the instrument was controlled by the use of maltose solutions at different concentrations and a Newtonian standard oil of 0.2 Pas viscosity. The measurements showed that the results obtained with different measuring devices correspond well to the behavior of a Newtonian fluid of constant viscosity. Now the Quemada model will be more particularly described and used for most of the comparisons with the experimental results. In this model, initially developed only for Newtonian fluids, the viscosity-concentration relationship was deduced from the optimization of viscous energy dissipation and by considering the structural units formation [10] . It can be represented under the form of a four-parameters equation of viscosity:
( 1) with:
where g . is the shear rate, k 0 and k • are structural parameters representing the intrinsic viscosities (or structure factors) at low and high shear rates, respectively, p is an empirical parameter representing the degree of deflocculation generated by the shearing and depending on the polydispersity (0 < p < 1) and t is a characteristic time corresponding to a critical shear rate g . * c = t -1 and defining the ratio between the rate of deflocculation by shearing and the Brownian motion. These two phenomenological parameters are determined by fitting the model to the experimental data by using the nonlinear regression method of Marquardt [11] and the least square method. In Eq. 2, the parameter g . * c is related to the average particle radius a by the relationship [12] :
where m s , K, and T designate the viscosity of the continuous phase, the Boltzmann constant, and the absolute temperature. It should be noticed that in this model (Eq.1 and Eq. 2), volume fractions are used. However, it has been shown [13] that the utilization of mass fractions yields the same physical interpretation. Consequently, in this work, mass fractions were used since volume fractions are inaccessible to measurements because of the complexity of structural behavior of bentonite suspensions (swelling, flocculation, particle aggregation, …).
EXPERIMENTAL AND NUMERICAL RESULTS

PARAFFIN OIL-IN-WATER EMULSIONS WITH-OUT BENTONITE
The analysis of the experimental flow curves showed that, over the range of the shear rates investigated, paraffin oil-in-water emulsions exhibited a shear-thinning behavior represented by the usual two-parameters power law model of Ostwald -de Waele [14] . The relative viscosity was calculated using the Krieger-Dougherty model [9] , which presents the viscosity-concentration relationship under the form:
where [m] is the intrinsic relative viscosity of the emulsion, also called structural parameter [10] . This model was found to provide adequate representation of steady shear viscosity for this case, as shown in Figure 1 [14, 15] . The rheological properties of the emulsions changed substantially during aging. The apparent viscosity decreases as revealed by Figure 2 whereas the flow curves remain identical in shape. Furthermore, it may be noted that the decrease of viscosity is very rapid during the first hours following the preparation of the emulsion and becomes slower thereafter. Beyond a certain aging time, depending on the emulsion composition, the viscosity remains constant ( Figure 3 ) as already observed by Sherman [16] . This modification of viscosity with time could be interpreted as a progressive change of the inner structure of the emulsions in terms of particle size and size distribution. Microscopic observations showed that during aging, drastic changes occurred in the droplet-size distribution: coalescence of small droplets (due to emulsion thermodynamic instability) which yields an increase of the average particle diameter and the polydispersity of the emulsion and hence, a broader globule size distribution. Consequently, it results a diminution of interference between diffuse double-layers which leads to a decrease of viscosity [17, 18] . Also, a progressive separation of adjacent particles occurred and, consequently, a diminution of attractive and friction forces between particles. In fact, it is well established that the distance between the oil particles is an increasing function of polydispersity [19, 20, 21] . After a certain time at rest, the thermodynamic balance of the emulsion is re-established and the microscopic structure of the fluid no longer moves; which explains the appearance of the curves represented in Figure 3 .
BENTONITE-IN-WATER SUSPENSIONS
Experimental Measurements
The hydrophilic bentonite used in this study will associate mainly with the continuous phase of the emulsions, i.e. water. Therefore, it would be interesting to study the rheological behavior of bentonite suspensions because it may be considered that, in the blend, the bentonite suspensions act as the suspending medium for the oilin-water emulsions loaded with bentonite. The main aim of this work is to investigate how properties change in the suspending medium could influence the global behavior of loaded emulsions. A series of suspensions with various bentonite concentrations were studied: 0.58, 1.47, 2.94, 4.41, 6, 8 and 10 wt. % (see Table 1 ). These suspensions were very stable in time (no observable phase separation for aging times below ten hours for low concentrations and much more for highly concentrated suspensions). Wide discrepancies between the results have to be pointed out and may be due to the differences of the bentonite used (source, preparation …) as well as to the disparities between the experimental methods [1, 2] . Because of the pronounced thixotropic character of the bentonite suspensions [22, 23, 24] , it was necessary to apply a shearing during a sufficiently long time so that an equilibrium state was reached. The experimental protocol consisted of: (i) a linear increase of shear stress from 0 to the imposed maximum value during 15 minutes (corresponding to the going up curve), (ii) plateau at the maximum shear stress during 5 minutes (which yields the suspension destructuration) and (iii) decrease from the maximum imposed shear stress to 0 during 15 minutes (which allows the suspension to re-build up its structure). Rheological measurements showed that bentonite suspensions exhibit a yield stress increasing with the concentration of solids according to an exponential law, as shown in Figure 4 . This effect has been thought to be directly related to the interparticle attractive energy which controls the cohesion of the system [25] . The yield stress of each suspension was measured by considering that it is given by the value of the stress corresponding to the first non-zero value of the shear rate. The bentonite used for our experiments was a sodium-montmorillonite which is a powerful viscosifying natural clay [26, 27] . In order to allow the fluid to flow, it is necessary to break down the elementary layers. 
Application of the Quemada model
The Quemada model was found to provide adequate representation of the bentonite suspension steady shear viscosity with an average error of about 3% as shown in Figure 5 . With the structural parameter given by the model [10] , we can approximate the values for the bentonite suspension intrinsic viscosity [m] ª 5.55 and its maximum volume packing fraction, concentration for which the viscosity is infinite, f M ª 0.36. The latter value is admittedly low, similar in magnitude with the f M values extracted from viscosity measurements on model aggregates [28] . The increase of viscosity can be explained by the crystal structure of the mineral group to which Na ++ -montmorillonite clays belongs. In water, the bentonite particles form suspensions with a 'house of cards' structure. These clays consist of minerals, whose form is generally flattened, organized in sandwiched platelet layers, with an average dimension of 2 microns. The water penetrating between layers, causes their spacing. This swelling behavior provokes a modification of the suspension rheological characteristics. The fitting of the Quemada model to the experimental data required the use of a nonlinear regression method, i.e. the Marquardt method [11] , which consists of a combination of the Gauss-Newton method and the step progression method. Figure 6 presents a comparison between the experimental data and the predictive curves of the Quemada model for the different bentonite concentrations used and Table 3 recapitulates the results obtained. From these results, it can be concluded that the Quemada model fitted the experimental data with a good agreement. 
Determination of the Average Particle Diameter
The results obtained are summarized in Table 4 . Particle size measurements of the bentonite suspensions were carried out. These measurements were performed by microcopy observations and video image processing. Only four concentrations were studied (up to 4.41%); beyond this concentration, the images obtained were not exploitable by the image-analysis software used (developped in the laboratory). In this range of concentrations, it can be observed that the experimental results were in good accordance with those of the numerical simulation (with slightly higher values) as well as with those generally reported for bentonite suspensions (the bentonite particle diameters are admittedly ranging between 0.4 and 4 microns). It should be remembered that two phenomena occur simultaneously, i.e. swelling and particle aggregation. It is then obvious that the calculated values (which do not correspond to the diameter of a single particle, but to that of a structural unit) are quite representative of the suspensions morphology. In addition, particle size analysis carried out by Sajet [29] by means of a Coulter-Counter particle size analyzer on a 6 wt. % bentonite suspension indicated a mean diameter of 10 microns; which is in satisfactory agreement with our results. Figure 7 shows the evolution of the calculated mean particle diameter (more adequately, structural units or clusters) as a function of the bentonite concentration [19, 30] . The best fit of this curve is given by a power-law expression of the form:
As previously seen, the modeling of the experimental data of concentrated bentonite suspensions by the use of the Quemada model provides an easy way for the prediction of rheological behavior of such a suspension and particularly for the microstructural characterization.
Determination of the Effective Concentration and the Effective Mean Diameter
Bentonite suspensions are far from simple suspensions of spherical particles where only hydrodynamic forces interact. The structural behavior of such suspensions is rendered much more complex by the formation of aggregates in which part of the continuous phase is occluded. This results in an effective concentration higher than that of the dispersed phase f eff > f [11] , f eff and f being given by the expressions of Quemada [10, 31] : (7) and: (8) In order to obtain a representative value of the bentonite suspension structural parameter k, we Figure  9 ) show that the values of k 0 and k • approach one another when the concentration increases (k 0 AE k • AE 12 for f ≈ 0.22) and that the evolution of k 0 and k • with the concentration can be satisfactorily described by a law of the type log (k 0 , k • ) = B log f + A. From the structural parameter value and Eq. 7 and Eq. 8 the effective concentrations and the effective mean particles radii (size of structural units) of bentonite suspensions were obtained (Table 5 and Figure 8) .
In order to obtain a representative value of the bentonite suspensions maximum volume packing fraction f M , the method of extrapolation by abscissa intercept utilized by Tsutsumi et al. [32] for strongly flocculated dispersions and by Chang et al. [13] for acid waste slurries was applied. For a given concentration, when f AE f M , m r AE • and thus f/(m r -1) AE 0. For the different values of shear rates previously selected, a graph f/(m r -1) versus f has been plotted. Extrapolation of the various curves obtained yielded a value for f M close to 0.3. Our results show that the curves can be fitted with a good agreement by a law of the form: f/(m r -1) = e (a + bf) ( Table 6 and Figure  9 ). The curve corresponding to the highest shear rate approaches that plotted with the relative viscosity of the bentonite suspension.
OIL-IN-WATER EMULSIONS LOADED WITH BENTONITE
Oil-in-water emulsions and bentonite suspensions were investigated separately and the results were presented in previous sections of this paper ( § 4.1 and 4.2, respectively). This section deals with the rheological behavior of oil-inwater emulsions loaded with bentonite particles. The composition of these materials was presented in section 2, Table 1 . Figures 10 and 11 show that the viscosity of O/W emulsions increases with the solid content for a same base emulsion (E1 emulsion: 26 vol. % and E2 emulsion: 42 vol. % of oil) and with aging time. The Quemada model applies well for all the cases investigated (different concentrations and aging time). Hence, the determination of the mean particle diameter (more exactly the diameter of the structural units or clusters which can reasonably thought to be formed of aggregates of oil globules and bentonite particles) was carried out and the results presented in Figure 12 . It must be reminded that our system is taken as an emulsion of oil in a bentonite suspension of viscosity m s , i.e. the bentonite suspension is the suspending medium for the oil globules. Therefore, in Eq. 5 the viscosity m s , viscosity of the continuous phase, is the viscosity of the bentonite suspension at infinite shear rate (see Table 3 ). A linear evolution of the calculated mean particle diameter as a function of aging time is observed. For the same base emulsion, the mean particle diam- eter increases with the bentonite concentration. Furthermore, the increase of the oil volume fraction of the base emulsion seems to have no remarkable effect on the change in aggregates mean diameter. Nevertheless, for a lack of particle size experimental data, the numerical results cannot be generalized to other types of O/W emulsions loaded with solids. Moreover, this study being a preliminary approach, neither the form of the structural units as defined in the Quemada model, nor their composition were investigated. It would be interesting to study intimately the nature of the continuous and dispersed phases of this type of fluids. In spite of the scarce experimental data, which prevents the confirmation of all the numerical results, it is quite obvious that such an approach could be useful in yielding easily the prediction of the morphology evolution of these fluids in terms of change in particle size and particle size distribution under shearing and with aging, especially considering the difficulties in performing such experimental measures.
CONCLUSION
In this work, the rheological behavior of paraffin oil-in-water emulsions, bentonite suspensions at different dispersed phase fractions and oil-inwater emulsions loaded with ben tonite has been investigated experimentally. The main results suggest that: I Oil-in-water emulsions exhibit a non-Newtonian behavior following the Ostwald-de Waele power law with an apparent viscosity decreasing with aging at rest. I Bentonite suspensions were found to have a viscoplastic behavior. The yield stress remains constant during aging but increases with the bentonite concentration. Contrary to the emulsions, the viscosity increases with aging time. I For a fixed oil fraction, the viscosity of oil-inwater emulsions loaded with bentonite increases with solid fraction (bentonite) and with aging. I The Quemada model was found to apply successfully for the correlation of rheological behaviors of oil-in-water emulsions, bentonite suspensions and oil-in-water emulsions loaded with bentonite. I It was possible to determine the average diameter and the effective average diameter of the dispersed phase in the case of oil-inwater emulsions and oil-in-water emulsions loaded with bentonite. The results obtained were in reasonable agreement with those found experimentally by microscopy visualization and image processing. To approach more closely the experimental reality of the drilling fluids, it would be interesting to study systems containing other solids, in particular inert particles (e.g. silica) or heavy particles (e.g. barite) added to clay mud in order to gain a higher density of drilling fluids. 
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